Four monoclonal antibodies (MAb) specific for the Gtype isoenzyme of rat pyruvate kinase (GPK) were produced and characterized. They detect at least two different epitopes of the isoenzyme, as shown in interference binding assay and Western blot analysis after peptide mapping. The MAb were used in immunohistology to demonstrate the GPK isoenzyme in paraffin-embedded normal rat tissues. GPK was found only in hepatocytes, kidney proximal tubules, islet cells of pancreas, and epithelial cells of the villi of small intestine. The content of GPK in hepatocytes was often lower in the periportal areas as compared with the periveneous zone. In kidneys a dearcut difference in GPK content and distribution existed between male and female rats. Male animals possessed more GPK in the kidney cortex than females. The GPK content in the inner cortical zone (straight proximal tubules) was higher than in the outer cortical zone (convoluted proximal tubules) in kidneys of males. In contrast, female rats displayed less GPK in the inner than in the outer cortical zone of the kidneys. Only some of them exhibited the same amount of the isoenzyme in both parts of the kidney proximal tubules. (J Histochem Cytochem 40665473, 1992) 
Introduction
Pyruvate kinase (PK) (ATP:pyruvate 2-0-phosphotransferase; E.C. 2.7.1.40) occurs in mammalian tissues in at least three noninterconvertible homotetrameric isoenzymes (for review see Hall and Cottam, 1978; Ibsen, 1977) . Mi-type pyruvate kinase (Mi-PK) is the main isoenzyme of skeletal and cardiac muscle and of brain Uimenez de Asua et al., 1971; Buechner and Pfleiderer, 1955) , whereas the Mz-type PK (M2-PK) is present in most other tissues (Imamura and Enaka, 1972; Imamura et al., 1972; Jimenez de Asua et al., 1971) . The Ltype PK (LPK) occurs in liver (van Berkel et al., 1972) and in kidney proximal tubules (Reinacher and Eigenbrodt, 1981; Reinacher et al., 1979; Burch et al., 1974; Ibsen and Trippet, 1972; Jimenez de Asua et al., 1971) . LPK has also been detected in the intestinal mucosa (Ogier et al., 1987; Saheki et al., 1979; Ostermann and Fritz, 1974) .
To improve the specificity of the immunohistological detection of LPK and to establish a defined and stable source of antibodies, necessary for large-scale tests and comparable results in different equal parts, after 3 weeks. A further 4 weeks later the mouse was boostered by intravenous injection of 500 pg antigen in PBS. Spleen cells for fusion were prepared 4 days later. Cell fusion was performed as described by Lake et al. (1979) . The plasmacytoma cell line (Shulman et al., 1978) was used for fusion. Hybridomas were selected in HAT medium (Littlefield, 1964) according to standard procedures. Four cultures reacting isoenzyme specifically in ELISA and immunohistology, named aLPK1, aL PK2, aL-PK3. and aLPK4, were cloned twice in soft agar (Coffin0 et al., 1972) and investigated further. Cells were maintained in RPMI 1640 medium (Seromed Biochrom; Berlin, FRG) supplemented with 2 mglml sodium bicarbonate, 10% heat-inactivated fetal calf serum, 100 IU/ml penicillin, and 100 pglml streptomycin. Cells were grown at 37'C in a humid atmosphere of 95% air and 5 % C02. The clones were also grown as ascites tumors in mice pre-treated with Pristane (Serva; Heidelberg, FRG) according to Marshak-Rothstein et al. (1979) .
ELISA
Plates (Immulon; Dynatech, Plochingen, FRG) were coated with purified isoenzymes of PK (0.05 pg in 100 p1 of 0.1 M sodium bicarbonate buffer, pH 9.6) overnight at 4'C. After four washes with PBS/Tween (0.01 M phosphate buffer, pH 7.4, with 0.8% NaCI, 0.02% KCI, and 0.05% Tween 20), 100 pI culture supernatant were transferred to each well of the ELISA microplate. Then incubation for 2 hr at 37'C took place. After washing as described, 100 pl peroxidase-labeled rabbit anti-mouse Ig serum (Dako Immunoglobulins; Copenhagen, Denmark) diluted 1:lOOO in PBSlTween were added, followed by incubation for 30 min at 37'C. Bound peroxidase activity was revealed with ABTS [2,2'-azino-di-(3-ethylbenzthiazoline SUIfonic acid)] (Saunders and Bartlett, 1977) .
Isotype Determination
Isotypes of the MAb aLPK1, aL-PK2, aLPK3, and aLPK4 were determined by indirect EUSA using purified LPK as coating antigen. The procedure was essentially the same as described above. Rabbit antisera specific for mouse IgGl, IgGz,, IgG2b, IgG3, IgM, IgA, and kappa and lambda light chains (Miles; Frankfurt, FRG) served as second antisera. Binding of isotype-specific antibodies was revealed with peroxidase-labeled swine antirabbit IgG (Dako).
Cellulose Acetate Electrop bo resis
Samples were run on cellulose acetate foils with a buffer containing 20 mM Tris-citrate, pH 7.0, 1 mM fructose-bis-phosphate, 1 mM EDTA-Na2, and 1 mM mercaptoethanol. After running without samples at 15 Vlun and 15'C for 10 min, 1 pl of each homogenate was applied on the foils and fractionated at a constant current of 15 V/cm for 285 min. The cellulose acetate foil then was put on a 1% agarose gel in 20 mM potassium phosphate buffer, pH 7.2, containing 10% sorbitol, 80 mM KC1, 7.5 mM MgC12, 0.6 mM NADH2, 1 mM ADP, 1.8 mM PEP, and 16 U LDH for 20 min. PK activity was detected at 280 nm by loss of fluorescence (Susor and Rutter, 1971) . Immunoblotting was carried out after cooking the cellulose acetate foils for 10 min in boiling bi-distilled water. Then the foils were blocked for 1 hr in 3% gelatin-TBS (20 mM Es-HC1, 500 mM NaCI, pH 7.5) before overnight incubation took place with one ofthe MAb directed towards LPK or with an irrelevant MAb produced in our laboratory which is directed against chicken T-cells, diluted 1:10 in 1% gelatin-TBS. Goat anti-mouse Ig labeled with horseradish peroxidase. diluted 1:2000 in 1% gelatin-TBS, was used as secondary antibody in an incubation that lasted for 1 hr. Peroxidase activity bound to the foils was visualized with an HRP color-development reagent containing 4-chloro-1-naphthol (BioRad Immunoassay; Richmond, CA).
Tryptic Digestion
Carboxypeptidase B. Digestion was performed in 50 mM %is-HCI, pH 8.0, 0.1 mM FDP, 1 mM mercaptoethanol, 0.1 M NaCI, and 1 mM EDTA-Na2 containing per 1 ml 70 pg pepstatin, 5 pg Ieupeptin, and 2 mg aprotinin (Simon et al., 1982) . Pyruvate kinase and carboxypeptidase B were dialyzed against the buffer and then combined in the amounts given in the figure legends. Digestion was performed at 37'C for 1 hr and was stopped by boiling for 2 min after addition of 20 pl of 100 mM EDTA-Na2, 10 pl 10% SDS, 10 pl mercaptoethanol, and 10 pI bromphenol blue to 100 p1 of enzyme solution.
Leucine Aminopeptidase. Digestion was performed in 20 mM Eis-HCI, pH 8.0, with 20 mM MgS04 containing per 1 ml 70 pg pepstatin, 5 pg leupeptin. and 2 mg aprotinin (Himmelhoch, 1970) . The samples were treated as described for carboxypeptidase B.
Preparation of Conjugates
Monoclonal antibodies of the IgG2, subclass were purified from ascites fluid by affinity chromatography on a protein A-Sepharose C1-4B column (Pharmacia; Uppsala, Sweden) according to Ey et al. (1978) . IgGl MAb were purified by high-pressure liquid chromatography after ammonium sulfate precipitation (Parham, 1983) . All purification steps were monitored by testing the fractions for binding to LPK in ELISA. Purified antibodies were coupled with horseradish peroxidase (purity grade I, salt free) as described by Nakane and Kawaoi (1974) .
Antibody Interference Assay
Antibody interference assays were carried out as ELISA to determine whether the MAb reacted with the same or different epitopes. Antigen-coated plates were incubated for 2 hr at 37°C with serial dilutions (in PBS-Tween) of an ascites fluid of each MAb. Sp2/0 ascites and ascites fluid from TI, a monoclonal IgGl antibody produced in our laboratory recognizing a chicken T-cell differentiation antigen, were used as controls. After extensive washing with PBS-Tween, ascites fluid of the same or another MAb (diluted 1:500 in PBS-Tween) which had been labeled with peroxidase was incubated for 30 min at 37'C. Bound peroxidase activity was determined as above. Four determinations were performed for each dilution step of the primary antibody.
Protein Binding
Immunoblotting was done according to standard procedures (Gershoni and Palade, 1983; Towbin et al., 1979) .
Immunocytology and Immunohistology
Rat hepatocytes. isolated as described , were generously provided by Dr. E. Petzinger (Department of Pharmacology and Toxicology, School of Veterinary Medicine, University of Giessen, FRG). Cytospin preparations of isolated rat hepatocytes and erythrocytes were air-dried and fixed in acetone for 5 min. Rat organs sampled for immunohistology (skin, fatty tissue, skeletal and cardiac muscle, rib cartilage, stomach and intestine, salivary glands, pancreas, liver, kidney, urinary bladder, testis and ovary, uterus, lungs and trachea, thyroids, adrenal glands, lymph nodes and spleen, bone marrow, brain and peripheral nerves) were obtained from 20 adult Wistar rats of both sexes (10 male, 10 female) from the laboratory animal facilities of the Department of Veterinary Pathology, University of Giessen, FRG. Animals were maintained at natural daylight and received water and food (Altromin 1320) ad libitum. Fixation of the organs in acetone 
Results

Monoclonal Antibodies
Of 475 clones, 24 showed strong reaction with rat LPK in ELISA. These cultures were grown on 24-well plates and tested for binding to a variety of rat PK isoenzymes in ELISA and, immunohistologically, to sections of acetone-fixed. paraffin-embedded rat organs. (2) 40 pg L-PK cleaved by 10 ag carboxypeptidase;
(3) 40 pg L-PK cleaved by 25 pg carboxypeptidase. The outer two lanes contain molecular weight standards. (Figures 1 and 2) . This was true for purified pyruvate kinase isoenzymes as well as for organ homogenates of liver, muscle. and lung, which contain the isoenzymes L, MI. and Mz, respectively. The molecular weight of the single protein band recognized in Western blotting was 60 KD (Figures 3 and 4) .
To determine the cpitopcs recognized by the monoclonal antibodies, we digested pyruvate kinase Type L with carboxypeptidase Band leucine aminopeptidase. The generated peptides were separated according to their molecular weight by SDS gel electrophoresis. Three monoclonals. aLPK1. aLPK3, and aLPK4, reacted with peptides of identical molecularwcight. whereas aLPK2 showtd a different pattern (Figures 3 and 4) . This result was independent of the protease used for digestion. Interference binding assays were performed to determine the relationship of the epitopes recognized by the antibodies. aLPK1, aLPK3, and aLPK4 did not affect the binding of aLPK2 ( Figure  SB) . In contrast, aLPK3 and aLPK4 inhibited the binding of aL PK1 to LPK to about the same extent as aLPKl forestalls itself ( Figure SB) .
Immunohistology and Immunocytology
All four monoclonal a L P K antibodies yielded identical results in immunohistology and immunocytology, regardless of whether they were fixed in acetone or in modified Bouin's solution. In all the organs investigated, LPK could be detected only in liver, kidney, small intestine, and pancreas.
In liver, LPK was present only in hepatocytes, whereas it was absent from bile duct epithelium and all stromal cells. In most liver samples the intensity of the immunohistological reaction exhibited a zonal difference. According to the liver acinus concept (Rappaport, 1976) , hepatocytes in Zone 3 (perivenous) were stained most intensely and the reaction gradually decreased through Zone 2 to Zone 1 (periportal) ( Figure 6 ). An even distribution of LPK throughout the liver was observed only in some animals. Nonreacting hepatocytes could not be detected in any of our specimens.
In kidney, the immunohistological demonstration of LPK was restricted to the proximal convoluted and straight tubules. No staining could be detected in the medulla or in the distal convoluted and straight tubules and the collecting ducts in the kidney cortex (Figure 7 ) . The glomeruli, too, did not stain with the monoclonal antibodies against LPK (Figures 7 and 8 ).
Depending on the sex of the animal, different staining patterns could be found in the kidney proximal tubules. In male animals, two distinct zones with different LPK content appeared clearly delineated in the cortical zone (Figures 7 and 8A) . The LPK content of the straight portion of the proximal tubules, which make up the bulk of the inner cortical zone, was higher than that of the proximal convoluted tubules, which are the main constituent in the outer cortical zone. In female rats this staining pattern was inverted. The convoluted portion of the proximal tubules contained more LPK than the straight part ( Figure 8B ). In a third pattern observed in two female animals, the reaction in both parts of the proximal tubules was of the same intensity. In general, male animals showed a higher LPK content in the kidney cortex than did female rats. In particular, the LPK content of the proximal straight tubules (inner cortex) was distinctly higher in male rats, thus allowing, by investigation of kidney sections, a safe determination of the sex of the animal.
In the small intestine, the epithelial cells of the villi reacted with the antibodies directed towards LPK, whereas cells of the crypts did not stain at all (Figure 9 ). The intensity of the reaction increased progressively from the base of the villi to their tips. Goblet cells were always negative. The presence of the L-PK in the digestive tract was restricted to the epithelium of small intestine. Mucosa and any other cells of stomach and large intestine did not react with the anti bodies.
In pancreas, the vast majority of the islet cells displayed distinct staining with the monoclonal anti-LPK antibodies (Figure 10) .
Erythrocytes, frequently encountered in the tissue sections in blood vessels in many organs, in spleen, and in bone marrow, never exhibited any binding of the antibodies as did all other cell types present in the latter two organs.
Cytospin preparations of isolated hepatocytes, bone marrow, and peripheral blood were investigated in addition to the tissue sections. The LPK isoenzyme could be detected in hepatocytes but not in the mesenchymal cells present as a minority in the hepatocyte suspension. A small portion of the isolated hepatocytes (about 12%) showed no reaction with the monoclonal antibodies at all. Erythrocytes, leukocytes, and platelets from peripheral blood, as well as their precursors in bone marrow, did not stain either.
Discussion
Four MAb against the Gtype isoenzyme of rat pyruvate kinase have been produced and characterized. They exhibit no crossreaction with any other rat pyruvate kinase isoenzyme in ELISA, Western blotting, immunohistology, and immunocytology. In Western blot analysis the antigen recognized by the MAb appears as a single band with a molecular weight of GO KD, as expected for the LPK monomer (Noguchi et al., 1987) . As shown by proteolytic cleavage, im- munoblotting and interference binding assays, at least two different epitopes are recognized on the LPK molecule: one by aLPK2 and the other by aLPK1, aLPK3, and aLPK4.
We could confirm and extend previous biochemical (Ibsen and Krueger, 1973; Ibsen and Trippet, 1972; Imamura and 'haka, 1972; van Berkel et al., 1972; Jimenez de Asua et al., 1971 ) and immunohistological (Reinacher et al., 1979 Reinacher and Eigenbrodt, 1981 ) studies on the restriction of LPK in liver to hepatocytes. The immunohistologically observed zonation of LPK content in liver acini has been demonstrated by biochemical methods after microdissection (Klimek and Bannasch, 1990; Guder and Schmidt, 1976) and histochemically (Klimek et al., 1988) . Hepatocytes devoid of LPK could not be observed in any of our liver specimens. This result is in contrast to the presence of non-reacting cells in cytospin preparations of isolated hepatocytes, which was also observed by Gali et al. (1983) . The reason for this discordance may be a preparative damage to these cells during the long isolation procedure inducing leakage of cytoplasmic components including LPK.
Our results concerning the localization of LPK in rat kidney cortex confirm those obtained by other authors using biochemical methods (Ibsen, 1977; Burch et al., 1974; Ibsen and Trippet, 1972; Jimenez de Asua, 1971 ). These authors, however, did not establish the striking difference in the L-PK pattern in kidney between male and female animals. The strongly increased LPK content in the inner kidney cortex of male rats is immunohistologically so clearcut that it can be used to determine the sex of the rat under investigation. The biological significance of this difference is not yet known.
LPK is demonstrable immunohistologically in the majority of pancreatic islet cells. From biochemical data it was concluded that these contain the M2-PK isoenzyme (MacDonald and Chang, 1985) . This cannot be ruled out by our results. M2-PK, however, is at least not the only PK isoenzyme in pancreatic islet cells as shown by us.
The presence of LPK in intestinal mucosa was also concluded from biochemical data (Ostermann and Fritz, 1974) . Its restriction, however, to the epithelial cells of the villi of small intestine and its absence from intestinal crypts, large intestine, and stomach have not been elucidated until now.
LPK and the pyruvate kinase isoenzyme in erythrocytes (I-'-PK or R-PK) are closely related but not identical PK isoenzymes. Most antisera produced against one of them crossreact with the respective other isoenzyme (Heinrichs et al., 1987; Lincoln et al., 1975; Rittenberg et al., 1975; Tinaka et al., 1967) . Recent evidence suggests that both isoenzymes are encoded by a single gene but use different promoters (Noguchi et al., 1987) and are translated from different mRNAs (Marie et al., 1981) . Our results establish the existence of at least two different epitopes not shared by these two isoenzymes. In agreement with our result is the observation of Takegawa et al. (1983) , who also failed to demonstrate LPK in mature human erythrocytes using an immunofluorescence technique. These authors obtained, however, a reaction with their anti-LPK serum on erythroblasts. The latter was not the case in our rats with the use of monoclonal antibodies. The difference might be due to the specificity of monoclonal antibodies as compared with conventional antisera.
